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Iran J Biotech. 2018;16(4):e2152 Javid H & Wiyakrutta S induced reactions (5) . Moreover, organic solvents, provide media for solubilization of substrates (6) or products, where poorly soluble or even insoluble components are desired. Despite these invaluable benefits, yet many enzymes might be inactive in organic solvents (7) . Various techniques have been investigated to prevail and minimize instability impediments e.g., screening intrinsically stabilized extremozymes (8) , enzymes production in genetically modified organisms (9) , modification of amino acid signature in mesophilic enzymes (10) and chemical modification of enzymes (11, 12) .
Extremozymes from extremophiles are stable and functionally active under precluding conditions where other proteins cannot withstand (13) . Among these extremophiles, halophiles are considered as tenacious microorganisms in hypersaline habitats and as natural sources for halophilic enzymes (14) . Recovery of 41 million-year-old halophilic bacteria (15) shows their survival capability in desiccation or very minute water in fluid inclusions. Adaptation to low water activity (a w ) and high salt are the survival key in salty dry habitats. Since halophilic proteins are functional at low a w (16) ; they supposed to be stable and active in net organic solvents or in a water-organic binary solvent (17) .
In our previous study (2) , mesophilic D-PhgAT was successfully fused on its N-terminus domain with two highly negatively charged alpha helixes (A 1 and A 2 ) and a hybrid of them connected with two loops (ALAL) from halophilic ferredoxin of Halobacterium salinarum (Hs Fdx; PDB: 1E0Z_A). The solubility and activity of these variants (A 1 -D-PhgAT, A 2 -DPhgAT and ALAL-D-PhgAT) determined in various concentrations of L-glutamate sodium salt as substrate and other additives to the reaction mixture. Results showed the solubility and performance of the ALAL-D-PhgAT variant increased significantly compared with wild-type and other two variants.
In the current study, for the first time, we determine the performance and thermostability of D-PhgAT variants in presence of different fractions of watermiscible organic binary solvents.
Objective
Since halophiles are capable to survive their unsavory habitats owning to their proteome bios and with an eye on further industrial applications of D-PhgAT, we investigate the performance and thermostability of halophilic peptide fused D-PhgAT in presence of different proportions of miscible organic solvents, temperature and desiccation.
Materials and Methods

Expression and Purification of D-PhgAT
Construction of plasmids and expression of different D-PhgAT variants are explained in (2) . Briefly, oligonucleotides of two alpha helixes (A 1 and A 2 ) and two loops (ALAL) synthesized base on amino acid sequences of Hs Fdx. These Oligonucleotides ligased to pET-17b possessing dpgA gene for coding D-PhgAT. The construct was transfected to Escherichia coli XL-10 Gold and checked by colony PCR and Sanger sequencing. D-PhgAT expression performed in E. coli tuner (DE3) pLysS at 0.4 mM IPTG. After 16 h expression at 20 °C and 100 rpm, cells were harvested at 13,000 ×g, 4 °C for 40 min by Sorvall ® RC 5C Plus centrifuge (Kendro Laboratory Products, USA) and resuspended in lysis buffer (20 mM Tris-HCl pH 7.6, 1 mM EDTA, 0.01% β-mercaptoethanol and 100 µM pyridoxal phosphate). Ultra-sonic cell disruption performed on ice in 20 cycles of 10 s burst and 10 s cooling intervals by Vibra-Cell TM SONICS (Sonics and Materials INC., USA), followed by centrifugation at 17,000 ×g, 4 °C and 20 min and followed by fractional ammonium sulfate precipitation. Protein pellet at 25-45% saturation which contained D-PhgAT (verified by SDS-PAGE and activity assay) was dissolved in TEMP buffer (20 mM Tris-HCl pH 7.6, 1 mM EDTA, 0.01% β-mercaptoethanol and 2.5 µM pyridoxal phosphate) containing 1 M ammonium sulfate. Protein mixture applied onto Phenyl Sepharose ® FF Hydrophobic Interaction Chromatography (HIC) column (GE Healthcare Bio-Science, Uppsala, Sweden) pre-equilibrated with the same buffer. The elution of bound proteins achieved by a four-bed volume of linear descending gradient 1-0 M ammonium sulfate at 2 mL.min -1 flow rate. Active fractions containing D-PhgAT then pooled, concentrated and desalted using Amicon ® 30 kDa cut off centrifugal device (Merck Millipore Ltd., Cork, Ireland) at 4,000 ×g, 4 °C and 20 min and applied onto a DEAE Sepharose TM FF Ion Exchange Chromatography (IEX) column (GE Healthcare BioScience, Uppsala, Sweden) pre-equilibrated with TEMP buffer. The elution of bound proteins was achieved by an eight-bed volume of linear ascending 0-1 M NaCl in TEMP buffer. Active fractions containing D-PhgAT were pooled and desalted as mentioned above. ÄKTA purifier FPLC system (GE Healthcare Bio-Science, Uppsala, Sweden) used in all chromatography steps. 
D-PhgAT Assay
Effect of Different Miscible Organic Solvents on pH Values of D-PhgAT Reaction Buffer
Upon adding miscible organic solvent, the buffer pH may change (18), therefore determining the effect of organic solvents concentration on pH of D-PhgAT reaction buffer is critical. Modified method (19) (20) (21) used: 100 µL of 500 mM CAPSO buffer with various pH values, 40 µL of pH indicator solution (0.85 mM thymol blue and 10 mM NaOH), and deionized sterile water mixed to the final concentration of 50 mM CAPSO buffer. Helios Alpha UV-Vis spectrophotometer (Spectronic Unicam, Cambridge, UK) used to determine the absorption at 400 nm to 750 nm range and the maximum absorbance (λ max ). The equation (1) was used to calculate the pka of thymol blue pH indicator in different pH values:
Where A HInd and A Ind -are λ max of protonated and deprotonated forms of thymol blue in 50 mM CAPSO buffer pH 2 and 12, respectively at 594 nm. Then 100 µL of 500 mM CAPSO pH 9.5, 40 µL of pH indicator, different amounts of absolute miscible organic solvents (DMF, acetone, isopropanol and methanol) and deionized sterile water were mixed to the final concentration of 0, 10, 20, 30 and 40% of miscible organic solvents. Helios Alpha UV-Vis spectrophotometer used to determine the λ max in presence of miscible organic solvents proportions. These λ max values at 594 nm and pka from equation (1) used to calculate pH values of solutions containing miscible organic solvents concentrations. Then pH shift of CAPSO buffer (ΔpH) was obtained and used for the preparation of CAPSO buffer with various pH to minimize the pH shift upon adding solvents.
D-PhgAT Assay in Various concentrations of Miscible Organic Solvents
The reaction mixture (1 mL) contained 1U enzyme, 10 mM D-(-)-α-Phenylglycine, 10 mM 2-oxoglutaric acid, 5 µM pyridoxal phosphate, 5 µM EDTA, 50 mM CAPSO buffer with appropriate pH and 0, 10, 20, 30 and 40% of organic solvents. The concentration of organic solvents where 50% of activity remained (C 50 ) was calculated for D-PhgAT variants.
Effects of Absolute Organic Solvents, Desiccation and Temperature on D-PhgAT Performance
One unit of enzyme variants in TEMP storage buffer vacuum centrifuged at 20 °C until completely dried. Then 10 µL of deionized sterile water or 10 µL of absolute organic solvents were added followed by incubation at 25, 40 and 60 °C for 1 h. Samples dried completely by vacuum centrifugation and 10 µL of TEMP buffer was added for rehydration and then incubated on ice for 1h followed by D-PhgAT activity assay.
Statistical Analysis
Experiments performed triplicated and analyzed by ANOVA. The p < 0.05 considered as significant and used to construe data. Means and standard deviations shown on graphs.
Results
Purification of D-PhgAT
The results of plasmids construction and protein expression are reported previously (2) . In purification phase, protein pellets from 25-45% fractional ammonium sulfate precipitation were loaded onto Phenyl Sepharose ® FF column. Figure 1A shows the chromatogram and SDS-PAGE analysis of D-PhgAT peak eluted fractions of Phenyl Sepharose. Active fractions were loaded onto DEAE Sepharose TM FF column. Figure 1B shows the chromatogram and SDS-PAGE analysis of D-PhgAT peak eluted fractions of DEAE Sepharose. Table 1 shows the summary of this three-step purification strategy. Figure 2 shows spectrogram and maximum absorbance peaks (λ Max ) of 50 mM CAPSO buffer (various pH) at 595 nm which used to plot reference curve and spectrograms of proportions of acetone, DMF, isopropanol in CAPSO buffer pH 9.5. Upon adding an organic solvent, the pH value of CAPSO buffer changed drastically. proportions of organic solvents increased. To minimize unfavorable pH change and effects on D-PhgAT performance, CAPSO buffer with various pH used to maintain pH at 9.5.
Effect of Different Miscible Organic Solvents on pH Values of D-PhgAT Reaction Buffer
Effects of Various Fractions of Miscible Organic Solvents on D-PhgAT
The D-PhgAT performance determined in reaction mixtures contained 0, 10, 20, 30 and 40% of miscible organic solvents (Fig. 3) . The organic solvent concentrations, where 50% of enzyme activity (C 50 ) retained are shown in Table 2 . The performance of all D-PhgAT variants decreased as the concentration of solvents increased, especially in presence of DMF and acetone. No activity observed for methanol.
D-PhgAT Performance and Absolute Organic
Solvents D-PhgAT performance determined prior and after desiccation in TEMP buffer and in organic solvents at various temperatures (Fig. 4) . After desiccation in TEMP buffer, absolute acetone and isopropanol and rehydration, residual activity of all D-PhgAT variants decreased in a temperature-dependent manner. The highest residual activity detected for ALAL-D-PhgAT at all temperatures. In case of DMF, the highest residual The specific activity of enzyme variants in each step is divided by the specific activity of clarified cell lysate to calculate purification fold. The total activity of enzyme variants in each step is divided by the total activity of clarified cell lysate to calculate purification yield in percent. Elution of bound proteins in this step happened with ascending gradient of NaCl, in which Cl -substituted with D-PhgAT. In this step 28-30% yield and 16-17 fold purification achieved.
In aqueous solutions, pH value largely influences solubility, performance and stability of enzymes (18, 22) . Addition of organic solvents into a buffer shifts pH value drastically (23) with plausible indecent effects on protein. Aiming to verify the effects of organic solvents on D-PhgAT, interrogation of their effects on pH value of CAPSO buffer pH 9.5 is irrevocable. Thymol blue with the second transition, yellow-blue at pH 8.0-9.6 and average pka 8.9 used as an indicator. Owing to pka shift in different pH, pka of each was calculated. Upon adding solvents to an aqueous buffered solution, the pka of the acid participant and the solvents autoprotolysis constant change and as a result, pH jumps (23, 24) . To maintain pH at 9.5 and minimize unfavorable pH change on D-PhgAT performance, CAPSO buffer with various pH used.
Upon increasing proportion of organic solvents up to 40%, the performance of D-PhgAT variants diminished, which at least partly could be due to the denaturation capacity of solvents (21, 25) . The log p value (octanol/ water partition coefficient) is -1.01 for DMF and -0.24 for acetone (26) . Both have low hydrophobicity, thus are highly potent to strip water molecules off the hydration shell at the expense of proteins flexibility (27) therefore promote denaturation and inactivation of D-PhgAT.
The fusion of halophilic peptides provides eminent numbers of negatively charged residues which serve as extra sites for water molecules binding, therefore maintaining protein hydration shell and partial activity preservation. Methanol has log p value -0.81 (26) seems to strip more water molecules off the protein hydration shell at expense of flexibility. Moreover, structural studies have shown that aqueous solution of methanol stabilizes α-helixes and simultaneously denatures other structures or accumulates on protein surface (28) . All these reasons participate to nullify D-PhgAT performance in methanol solutions. Despite large performance decrease in DMF, acetone and methanol solutions, D-PhgAT showed higher performance in isopropanol (log p 0.05) solution (26) which indicate relatively higher hydrophobicity of isopropanol compared with other used solvents. This isopropanol characteristic results in stripping fewer water molecules off the hydration shell of proteins and thereby results in more flexibility and less denaturation. In all cases, halophilic fused variants manifest higher C 50 value compared with wild-type ( Table 2) , where the highest C 50 observed for ALAL-D-PhgAT in isopropanol solutions (C 50 : 30.20 ± 2.84 (%V/V)).
In presence of absolute organic solvents, the interval dehydration and raised temperature increased denaturation propensity. Owing to decreased water as a molecular lubricant (29) and insufficient flexibility for denaturation (30) protein rigidity increased, so protection against temperature stress developed. Halophilic proteins, owing to their charged residues, manifest interesting interactions with salts in aqueous or organic solutions which maintain their active structures in dry conditions (31) . Therefore, it is feasible to assume fusion of halophilic peptides preserves the active structure of D-PhgAT in dehydrated conditions and elevates the thermostability. Compared with aqueous solutions, thermostability of D-PhgAT variants in presence of absolute organic solvents increased as the log p of the organic solvents increased. DMF (log p: -1.01) has highest adverse effect compared with acetone (log p: -0.24) and isopropanol (log p: 0.05). The Javid H & Wiyakrutta S rigidity and eliminated water participation in hydrogen bonds after dehydration, reduced dielectric constant and increased strong intra-protein interactions, reduce remained activity in such absolute non-aqueous media. Surprisingly, in case of DMF, the residual activity at 40 °C of all D-PhgAT variants was higher than 25 °C and was zero at 60 °C. This unusual behavior of D-PhgAT in presence of absolute DMF is yet to be fully understood but might be due to the nature and position of amino acid residues in A 2 alpha helix, yet it cannot explain the higher remained activity of WT-D-PhgAT at 40 °C than 25 °C. Removing solvents and then rehydration elevates flexibility and partially restores D-PhgAT performance. Dehydration-rehydration cycles also lead to irreversible protein damages (32, 33) and diminish performance (which is highly pH dependent) as an outcome of side chains ionization and salt bridge alternation. Some organic solvents e.g., glycerol and ethylene glycol mimic the water effect owing to multiple hydrogen bonds formation. Crown ethers can bind to cationic groups e.g., amine groups and stabilize molecular interactions and protein structure and cyclodextrins by the formation of stable supramolecular complexes and clasp hydrophobic amino acid residues in their inner cavities (34) .
Our results, hereby, confirmed that practiced halophilic peptide fusion can increase thermostability of a mesophilic protein, both in aqueous and nonaqueous media.
Conclusion
Despite many benefits of utilizing enzymes in biotechnological processing, they might largely suffer from denaturation and performance reduction. Additionally, insolubility of substrates or products and occasional microbial contamination are problematic. A suggested strategy to partially eliminate these drawbacks is applying miscible organic solvents in enzyme media. Nevertheless, miscible organic solvents might have detrimental effects. Extremophiles, particularly halophiles, have extraordinary properties to withstand unsavory habitats, making them invaluable for industrial applications. In this study, for the first time, we practiced the effects of fusion of two alpha helixes and loops between them from a halophilic enzyme at N-terminus domain of mesophilic D-PhgAT, as an industrial model enzyme in presence of miscible organic solvents at various temperatures. Our results suggest that applying this new technique could be an invaluable pragmatic strategy for engineering durable enzymes for precluding industrial applications.
